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FOREWORD 


This  technical  report  was  prepared  by  the  Research 
Department,  Aeronautical  Division,  Minneapolis -Honeywell 
Regulator  Company,  under  Navy  Contract  No.  Nonr-929(00) , 
administered  by  the  Office  of  Naval  Research.  This  con¬ 
tract  is  sponsored  jointly  by  the  Air  Branch,  ONR,  and 
the  Power  Plant  Division,  BuAer.  This  is  a  contract  for 
research  involving  the  study  of  helicopter  control  sys¬ 
tems  from  the  point  of  view  of  automatic  control  of 
flight  attitude,  altitude,  and  rotor  rpm. 
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ABSTRACT 


This  report  contains  the  development  of  the  theoretical 
equations  defining  the  motions  of  a  helicopter  experiencing 
transient  disturbances  from  steady-state  cruising  flight. 

The  helicopter  chosen  for  this  study  was  of  the  single  main 
rotor  type,  employing  a  tail  rotor  for  torque  compensation. 

Included  in  this  treatment  of  helicopter  motion  is  the 
consideration  of  the  influence  of  simultaneous  transients 
In  rotor  RPM.  In  addition,  decoupling  of  the  longitudinal 
and  lateral  modes  of  motion  was  avoided. 
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SECTION  I 
INTRODUCTION 


1.1  INTRODUCTORY  REMARKS 

The  research  effort  of  which  the  presently  reported  work 
is  a  part  deals  with  the  subject  of  automatic;,  ’pilot-relief ' 
control  of  helicopter  flight  attitude,,  altitude,  and  rotor 
RPM.  Because  of  the  interrelationship  between  these  flight 
variables,  optimum  manual  flight  control  can  be  achieved 
only  by  properly  coordinated  efforts  of  skilled  pilots. 
Similarly,  improved  performance  of  automatic  controls  might 
be  achieved  through  integrated  action.  This  requires  under¬ 
standing  of  the  dynamical  relationships  existing  between  the 
variables  with  which  the  several  controls  are  simultaneously 
concerned.  As  In  Ref.  (1),  which  deals  with  hovering  flight, 
these  variables  Include  pitching,  rolling,  and  yawing  of  the 
helicopter,  the  variation  In  rotor  RPM,  and  as  auxiliary 
variables,  the  translatory  disturbance  motions  of  the  heli¬ 
copter  and  flapping  disturbance  motions  of  the  rotor  blades. 

These  considerations  led  to  the  requirement  for  a  set 
of  equations  defining  the  helicopter  transient  motion,  with 
due  allowance  for  the  possible  effects  of  changes  in  rotor 
rpm  as  well  as  for  the  coaling  phenomena  between  the  longi¬ 
tudinal  and  lateral  degrees  of  freedom.  The  development  of 
these  equations  for  hovering  flight  was  described  in  Ref. 

(1),  and  the  present  report  contains  the  development  for  the 
cruising  regime. 


1.2  ASSUMPTIONS  MADE  IN  THE  ANALYSIS 

a)  The  equations  were  linearized  by  presuming  all  dis¬ 
placements  from  steady-state  cruising  conditions  to  be  small. 

b)  It  was  presumed  that  no  drag  hinges  were  employed 
on  the  rotor. 

c)  The  main  rotor  blades  and  rotor  drive  shaft  were 
assumed  to  be  infinitely  stiff. 

d)  With  regards  to  rotor  blade  motion,  moments,  etc., 
all  harmonics  above  the  first  were  taken  to  be  negligibly 
small. 
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e)  The  slope  of  the  lift  curve  of  the  blade  elements 
was  presumed  to  be  constants 


1.3  THE  COORDINATE  SYSTEM  AND  PLIGHT  GEOMETRY 

The  helicopter9 s  motion  Is  referred  to  coordinate  axas 
which  are  moving  in  an  unaccelerated  manner  in  the  direction 
and  with  the  speed  of  the  aircraft* s  C.Go  In  steady-state 
flighto  If  the  axis  system^  with  respect  to  which  the  motion 
is  investigated 9  has  a  uniform  translatory  motion*,  the  rela¬ 
tive  motion  of  the  helicopter  can  be  treated  as  if  the  axis 
system  were  at  rest0  Thus*,  Newton5  s  laws  can  be  applied  to 
the  motion  with  respect  to  these  moving  axesd 


Figure  I 

The  Helicopter  within  the  Moving 
Coordinate  System 

In  Figure  ls  the  xP  y„  z  location  of  the  0oGo  with  re¬ 
spect  to  the  center  of  coordinates  0  Is  illustrated o  The 
point  0  is  located  at  the  position  in  space  which  would  have 
been  occupied  by  the  C,Gc  in  the  absence  of  transient  dis¬ 
turbances  o  It  Is  Indicated  in  Figure  1  that  the  helicopter 
CoGo^  may  not  be  located  on  the. shaft  axls0  The  directions 

e»  m  »  a  «d  ci  »  «  «o  »  at'  o  o 

•»  Throughout  this  development,  the  helicopter  C.Q.  refers 
to  the  C.Go  of  the  machine  without  main  rotor  blades., 
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As  indicated  in  Figures  2  and  3s  the  projection  of  the 
rotor  shaft  length  h  onto  the  XZ  and  YZ  planes  is  presumed 


equal  to  h,  since  the  angles 
be  small  enough  that 


and  c/u 


are  taken  to 


cos  (Xv  =  cos  (a  t±,  =1 

r  {1) 

sin  c/x  =  <Xx  %  sin  =  tfu 

Because  we  can  assume  that,,  even  in  high-speed  cruising 
flights,  the  helicopter  experiences  relatively  small  angles  of 
pitch  and  roll,  angular  displacements  of  the  rotor  blades  in 
the  plane  normal  to  the  rotor  shaft  are  taken  to  be  given  by 
angular  displacements  measured  in  the  XY  plane0 
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SECTION  II 

EQUATIONS  OP  BLADE  FLAPPING 


2.1  BLADE  ELEMENT  KINEMATICS 

It  Is  assumed  that  the  blade  flapping  motion  and  the 
basic  forces  can  be  determined  on  the  basis  of  e  =  0. 


The  x  coordinate  of  a  point  on  the  blade  span  at  radius 
r,  as  determined  from  Figure  2}  is 


%b  *  %  +  %5  i  h  Qfy  -  /t  {M'ft 

The  flapping  angle  $  is  given  by 

ft  «■  /3C  +  fy  /tusft  +  /$*  Aw 

and  is  assumed  to  be  small  enough  such  that 


(2) 


(3) 


J  sC44s  -  /  (4) 

Writing  the  variables  in  terms  of  their  steady-state  and 
transient  components,  equation  (2)  becomes 

=  %  +  Ttz  +  «>.■>  -AAU’OJ'.i  fa) 


Differentiating, 

=  x+  +  Vk-Q  CM'ii]  (6) 

*  (Qo  *  ifcj  (7) 

Similarly, 

&  h  +  %  -zt+’ii)  (8) 

%  *  /  *  A  (9) 
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^  *  $-h~nP  (id 

Prom  equation  (3)*  written  in  steady-state  and  transient  terms, 

*  ( P cs  ^ftc& )  ^  (ftfy  ^  (%  +  iO 

+  (ft*s  +  (Yi  + 

or 

ft-  (ft*,*  ft' ft  *  (fo,  *  A, +  ft^ft)^ 

*  <  +  ftu  ~  fat)  %  az) 

Hence,  from  equations  (11)  and  (12) , 

i  |  -  *[At  *  ( ft%  +  A-0*  *  A  A  *  A.  A 

—  *  (ftxA  ~  ftfj^» 

-  fip-fi-l-  (13) 

!  =  #*'«$.+ OV  A,  A 4 

■  -  ftf, fl,  ~/^4-A>  -  ftxJiQ  )cos^i 

f  C A4"/VA>  -•S’-Q,  /^4“  Zft*,QkQ. 

~  ft*,Q  -  +  ffs Q*  f<ft)sinii  ( ^ ) 

2.2  THE  INERTIA  MOMENT 

The  Inertia  force  and  the  inertia  moment  about  the  flap¬ 
ping  hinge  can  now  be  determined: 
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Note  that  in  Figure  the  flapping  hinge  is  taken  to  be 
parallel  to  the  XY  plane.  While  the  flapping  hinge  will 
generally  be  inclined  as  shown*,  for  example 9  in  Figure  5  of 
Ref.  (1),  it  was  found  (Ref.  1)  that  the  moments  about  the 
flapping  hinge  could  be  adequately  determined  ignoring  this 
complication.  The  normal  acceleration  (Figure  I|.— c )  is  given 

by 


U5) 


Corresponding  to  the  acceleration  given  by  equation  (15)  is 
an  elemental  inertial  force*,  dF^s  s  directed  oppo¬ 
sitely  to  This  is  the  only  inertia  force  component 

having  a  moment  about  the  flapping  hinge  axisp  given  by 


with  cJ/nb  =  /&  dn.  (17) 

and  retaining  only  first  harmonic  terms  in  ,  this  leads  to 

Mi  -  [x„  LzQ*  Q-fa  r  &  (fa*  fa^ *  fa  1 

+  ^)-0j 

+fxt >cfa *  fa  fa  *  2Q  faJ 

+  T*>[(*  +  h&h)fa]]ax  £ 

-*szfo] 

-*[<?+ *  falfajj  *» 

(18) 

In  equation  (18),  use  has  been  made  of  the  integral  symbols, 
and  JT  ,  defined  in  the  Appendix. 


2.3  THE  AERODYNAMIC  MOMENT 

Several  assumptions  were  made  in  determining  the  moment 
about  the  flapping  hinge  due  to  air  loads. 
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(a)  The  effect  of  the  blade  element  drag  on  blade  flapping 
was  neglected* 

(b)  The  wind  angle  0  (Figure  5)  was  taken  to  be  small  enough 
such  that  0  =  Up/CJ»j  • 

(c)  The  induced  velocity  was  presumed  constant  over  the 
rotor  disco 

(d)  The  lift-supporting  portion  of  the  blade  span  (of  the 
HRS-3  helicopter)  which  is  subjected  to  reverse  flow 
in  high-speed  cruising  flight  is  quite  small*  Special 
consideration  of  this  problem  was  therefore  eliminated 
from  the  development 9  and  a  single  expression  was 
employed  for  the  aerodynamic  moment  of  a  blade  element 
for  all  blade  azimuth  positions* 


Conditions  at  the  Blade  Element 
The  elemental  lift  force  is  given  by 

c(L  *  Cl  ^  Ufc  sC 

-  a(e-fi)  /^Ur  *  ok 

’  —  (&u*  -  uruT) 

Sine©  Uj  was  chosen  to  be  parallel  to  the  XY  plane, 

UT  =  j£b  5/n  ft  f  7kCos//  +  %  ft 
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in  which  the  last  term  accounts  for  the  movement  of  the  axis 
system.  Expanding  equation  (20), 

Ut  ~  (%  +■  h  )  Sin  ^  +■  /l(J20  -n 

+  (f  t  h#xA  +  Oas  # 

9  (21) 


The  component  velocity  at  the  blade  element  normal  to  the  XY 
plane,  relative  to  the  moving  axis  system,  is 


CM>  ^  C&bfl 


To  obtain  the  total  velocity  relative  to  still  air  (as  required 
by  equation  19) ,  the  inflow  and  steady-state  velocity  com¬ 


ponents 


it  + 


must  be  added,  giving 


UF -  CM'?-  +  *- 


(22) 


Expanding  equation  (22), 

Up  ~  [(%  +  h  —  (  *jjs  ■/  *  %  !$)  dhb 

+  (fa  +  fa  t  1  +  (fa  -A  t)Mf] 

i-  It  -  i  +  n[At  +  (A  +  A  A 

+  (fa  -  fa,  A  -  fa  fa  -  fa  A 

-  fat  fa)  ] 

(23) 
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The  only  term  In  equation  (19)  remaining  to  be  expressed 
is  the  pitch  angle  0.  This  can  be  built  up  from  the  follow¬ 
ing  considerations.0 

a)  The  pitch  angle  is  composed  of  a  "collective"  part 
which  does  not  vary  with  azimuth.  This  part  may  be  expressed 
as  the  sum  of  a  steady-state  term  and  a  transient  (time- 
dependent)  term,  as 

Q  =  / <9c  -  Oj)  -t  Oc 

w  L  szoot  /e  ns 

The  steady-state  term  provides  for  built-in  blade  twist.  As 
written  above,  @  is  measured  from  the  blade  element  zero-lift- 
line  and  the  plane  normal  to  the  rotor  shaft. 

b)  In  steady-state  cruising  flight,  there  is  a  cyclic 

variation  in  the  pitch  angle,  of  the  form  )»  also 

measured  with  respect  to  the  plane  normal  to  tne  rotor  shaft. 
The  minus  sign  corresponds  to  the  sign  convention  assumed 
for  pitch  angle,  as  shown  in  Figure  5.  Thus,  in  tilting  the 
rotor  disc  downward  In  front,  as  required  In  forward  flight, 
a  negative  blade  pitch  angle  is  required  in  the  first  qua¬ 
drant  of  rotor  revolution,  as  provided  by  the  foregoing 
expression. 

c)  As  indicated  in  Figure  5,  the  pitch  angle  must  be 
obtained  with  respect  to  the  horizontal  plane  XY.  The  angle 
between  the  XY  plane  and  the  plane  normal  to  the  rotor  shaft, 
as  measured  in  the  airfoil  plane  of  Figure  5,  is 

(-  ar«,  ajmj  y  -  o<*t 

The  minus  signs  are  based  on  a  presumption  of  positive  pitch¬ 
ing  and  rolling  (Figure  1),  coupled  with  the  angular  direc¬ 
tion  for  positive  blade  element  pitch  angle  in  Figure  5. 

This  expression  can  be  best  understood,  perhaps,  from  a 
consideration  of  the  blade  at  Y*  =  90°  when  viewing  Figure 
2,  and  at  ys  =  0°  when  viewing  Figure  3° 

d)  During  steady-state  flight,  it  Is  presumed  that  the 
lateral  cyclic  pitch  is  zero.  During  the  disturbance, 
provision  must  be  made  for  transient  changes  in  cyclic  pitch, 
as  follows? 

This  assumes  an  increased  nose-up  blade  pitch  angle  occurs 
in  the  first  quadrant  during  the  transient.  This  corresponds 
to  the  direction  required  to  restore  the  helicopter  to 
equilibrium  attitude  from  the  presumed  disturbed  position 
(pitch  down,  roll  right  -  Figures  2  and  3). 
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On  the  basis  of  the  above* 

(^~  T6o+  <V  % 

4  -h  (9x^~  Mx*) /Wft 

(9cs*~  +  &CA)  -  (<9fr  -  <9fc 

+  %  +  +  (Q*a~  <Xxa 

~  fi)  Yi  (2^} 


The  aerodynamic  moment  about  the 

r*  BZ 

M*  -  J  a.  (dl) 

Jo 


flapping  hinge  is  given 


(25) 


which  leads  to 

/%  -  <9%  f  l i(Jx  +  +  [g 

i-  V.J  +  eQ  an>f^  (u  v  A 

f  +  (A  +  Qo)  S,J-  +  Qy.)  • 

+  \£  ( *,  >  t,  A,* 

+  H)i  +  [A  (%  r  K) 

+  l2a  i Qc,  +  fa?  f  *nt  njB,] 

"/?/"* i+  gh  4^  +  l£j  Sd  ■>■  /f2. (x 


+  A  &}t  y-  vi)  +  Qt  Y„J  +  zQ'  C4bg  (y 

*  ^  **.  *  v.  % )  7b,  *  (Df  +  ^Der}^ 
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zQX*»t 


S' 

^*9 
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a;  4 ) 
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2.1+  EQUATIONS  OP  BLADE  MOTION 

The  equation  for  equilibrium  of  moments  about  the  flap¬ 
ping  hinge  is 

A4  -  -  Mi  -  0  (27) 

This  equation  must  be  satisfied  at  all  tlmes0  Under  these 
conditions,  the  coefficients  of  sin  ,  cos  Yi  s  and  unity- 
must  be  separately  Identical  to  zero.  Referring  to  equations 
(18)  and  (26),  and  omitting  the  steady-state  terms  (which  form 
groups  separately  equal  to  zero  anyway)  including  the  blade 
weight  moment,  the  following  equations  are  developed  from 
equation  (27) s 

Unity  Terms 

fa  (-xi)  +  4,  ®<) +  fa  A  ■ 

'  ®'  ~(eik  +  ‘fyO 

-  2  %  jQ.%  -  qvj  v- 

+  ( x  +  A  fa)(~  i  ^  fa)  +  (tc  + 

* C&% ( 6  -  (o^  +  ^  c,J 

+  %  (i  >a + i};  e,)  +  bth  _  ©.  ■ )  ^  :  c )  -  o 

Q  '  (28) 


Cosine  Terms 
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^.)(t  M.)  4,1  A*-  b,rj 

i-ti*  V2*  ^  *  '  %  11  V*  ^  Z& 6X 

~  +  ^oA,  -r  J~Ja  B,)  ■+  -Qa  —Vtb, 

■  ( t +  v)J  +  (e>,a-  (//A  V-  IT,B,)=o 


(29) 


Sine  Terms 
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SECTION  III 

EQUATIONS  OF  HELICOPTER  TRANSLATORY  MOTION 


3.1  THE  BASIC  EQUATIONS  FOR  TRANSLATION 

If  the  force  components  acting  at  the  helicopter  CoG. 
in  the  X,  Y,  and  Z  directions  are  obtained ,  the  translatory 
motion  of  the  aircraft  in  these  directions  can  be  determined 
from  the  Newtonian  relationships s 


2r.  - 

F«.  - 

- 

W 

(31) 

Z<Y  - 

%  + 

5  - 

A 

il 

?  f 

(32) 

25  - 

5,  “ 

VV  •• 

*  7 

- 

(33) 

Since  all  steady-state  terms  would  cancel,  the  left-hand  side 
of  these  equations  should  be  written  so  that  only  transient 
terms  appear.  To  determine  the  main-rotor  force  components, 
FKtz  ,  Fy^  ,  and  p  acting  on  the  free  body  heli¬ 

copter,  it  is  necessary  to  obtain  the  contributions  from  the 
Individual  blade  elements  on  all  b  blades  of  the  rotor. 


3.2  THE  MAIN  ROTOR  FORCES 


The  expressions  for  the  blade  element  force  components 
df*  9  dFf  ,  and  d/%^  can  be  taken  directly  from  the  corres¬ 
ponding  development ^n  hovering  (Ref.  1).  Thus,  equation  (51) 
in  Ref.  (1)  gave 

dFx  =  -  X}  -h  (dl)  Cxi  ft  C&&  j/c 

-  (dL)  ydWlft  /fort'  ft*  ~~  (dD)  CM-fi  ^ 

(34) 


Prom  equation  (61)  of  Ref.  (l)p 

dfk  -  -  jfr  M  —  (dQ  C't'C  y  /CU'*/  y* 

"■  ^qJ  ft  yi&vh  ft  /&&&  ft1  —  (d&j  c&o y  Csfrc  y 

-h  (do)  ft  /idAis y$ yc  (35) 
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Prom  equation  (63)  of  Ref.  (1), 

<1%  -  -  k  -  (c/zj 


(36) 


Note  that  in  equations  (34) »  (35) *  and  (36),  it  is  possible  to 
combine  the  last  term  in  each  case  with  a  corresponding  ,,lirtM 
term}  for  example,  in  equation  (34)  this  is 

ydi^yS  /Oi [c/L  -  dD 

[  di-  dO 

or  cj*-  y>)  £&Or  —  ~d)j 

c  / 

Now,  D» / CL  is  very  small  compared  with  1,  and  can  be  neglected 
with  only  minor  error.  On  this  basis  ,  the  last  term  in  each 
of  the  three  equations  (3^“36)  has  been  neglected. 


The  evaluation  and  integration  of  the  three  force  equa¬ 
tions  (3U”36)  has  been  carried  out  in  a  manner  similar  to  that 
indicated  in  Ref.  (1),  to  yields 


=  ”  ( %  +  A  }  b 

f 


j2 


■*  + 


/%  Q  A2  (&ps  +  QfyJ 


+  ir . 


*  (%  €?~  +  &.As]+  ($,+*#*<)• 

*  k  4v  e?~  ~  ^  k ) 

'  Afts-0*  TT-AtrY£*+/*SF4>(& 


3  At 
s*  z 


5 

'£  Z 

%  Q. 


)] 
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•  ik  VA  t  -  47  *  A  Q'  xj 
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«.  r^o* 
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A*L 
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/~*Z- 
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-Q„  cj  +  j  (-  -O-o  4*) 


*  A  k£)  +  [w-  *•(%.  f  f 

-  -Q„Y%*Q  -  %  ft)  ^  C %  *  4)4^4 


+  ?r_fie/427 

(39) 


3o3  THE  FUSELAGE  FORGE 


During  the  transient  disturbance,  the  helicopter  fuselage 
may  experience  changes  in  fuselage  drag  and  moments  which  con¬ 
tribute  to  the  stability  prqblemo  An  extensive  review  of 
existing,  available  information  has  been  made  to  guide  the 
present  development  in  this  matter*  On  this  basis,  it  was 
assumed  that  the  fuselage  contributes  a  single  force  component 
acting  at  the  helicopter  CoG*  in  the  X  direction,  in  accord¬ 
ance  with 


(40) 


Now, 


Thus, 


Hence, 


*  /£  (k>  +  z)  ’’ 

'  cpf  4  *0 

ir  -  cv 


The  variation  of  this  force  with  changes  in  fuselage 
angular  attitude  has  been  ignored „ 


(4D 
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3J4.  THE  TAIL  ROTOR  FORCE 


The  following  illustrations  serve  to  define  the  conditions 
presumed  to  exist  at  the  tail  rotor0 


Figure  6 
Tail  Rotor 

% 

In  this  treatment,  blade  flapping  is  ignored,  the  inflow  is 
presumed  to  be  uniform,  and  the  influence  of  the  reverse  flow 
region  is  ignored.  With  a  small  angle, 

/Lfc  -f-  \/ 

(Q%  +  Qa^)  nt  i .  ^  1^) 

A  •  %-  A  \  i  f  -  ]/•  ^ 

9t  =  +  ga 


(42) 

(43) 

(44) 
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3o5  the  equations  op  translators  motion 

It  is  now  only  a  matter  of  substituting  into  the  rela¬ 
tionships  of  equations  (31*33)  to  obtain  the  equations  of 
translatory  motion,.  The  required  substitutions  are  obtained 
from  equations  (37)  >  (38)  *  (39). o  (4.1)*  and  (47)  •  In  terms 
of  the  stability  derivatives  as  coefficients 9  the  following 
three  equations  are  derived? 


*  + 

x*  * 

\*r 

*  % 

+ 

o 

A  X  4 

+  X  A 

f  X  A 

f  \  k 

+  X  A 

+  - 

X*  0u 
%  * 

^  \  +  X 

>  A 

(1+8) 
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■t  Y-. 
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defined^1^7  derlvatlvea  in  the  above  three  equations 

Vx  T  % 


(50) 

are 
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SECTION  IV 

EQUATIONS  OF  PITCHING,  ROLLING 


I  4.1  THE  BLADE  MOMENTS 

.  Inasmuch  as  the  inclination  of  the  flapping  hinge  is  be¬ 

ing  ignored  in  the  present  development,  the  only  moments 
which  the  rotpr  can  transmit  to  the  helicopter  are  associated 
with  the  eccentricity  of  the  flapping  hinges. 

i 

1 

i 


Figure  7 


Forces  at  the  Flapping  Hinge 


The  views  above  are  similar  to  those  shown  in  Figure  I4. 
previously,  but  here  attention  is  confined  to  the  region  of 
the  rotor  center,  hinge  arm,  and  flapping  hinge.  Shown  act¬ 
ing  on  the  rigid  hinge  arm,  at  the  hinge  point,  are  the  three 
blade  force  components  fy  ,  ,  and  f*,  .  In  transfer¬ 

ring  these  force  components  to  the  rotor  cdnter,  there  must 
be  introduced  the  moments  associated  with  the  distance  through 
which  the  forces  are  moved.  The  moments  are  grouped  into  two 
components,  Atfu.and  ,  given  by  (see  similar  development 

in  equations  107,  109,  112,  113  and  lli+  in  Ref.  1)  s 
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ectu/* 

b  -  / 


(5D 


ec(r^ 


&£>  =  / 


(52) 


The  algebraic  signs  in  these  equations  obey  the  conventions 
established  here  in  Figure  1.  The  angle  ,  shown  in  Figure 

4(a)  and  7(b),  can  be  expressed  in  terms  of  its  "components11 
as 

The  minus  sign  in  equation  (53)  is  a  consequence  of  the  position 
of  the  flapping  hinge  in  the  first  quadrant  of  blade  azimuth 
(see  Figure  7b);  as  shown,  the  "roll"  component  of  0(-u/  corres¬ 
ponds  to  a  left  roll,  which  is  taken  here  to  be  negative* 
Expanded,  equation  (53)  gives 


^  -  CXx  s&u*'  Y* 


(53) 


*r  m  [<•%  ^  11  • 

*  <5U) 


The  blade  moment  components  and  (equations  51-52) 

can  be  evaluated  by  means  of  equations  (34)*  (35)*  (36),  and 

(54). 


4.2  THE  ROTOR  MOMENT 

Instead  of  carrying  out  the  evaluation  of  equations  (5l) 
and  (52)  for  each  blade  and  then  summing  the  contribution  of 
the  b  blades  in  the  rotor,  considerable  reduction  in  effort 
is  achieved  by  (a)  taking  each  part  of  the  blade  element 
force  expression,  (b)  performing  the  operation  called  for  by 
equations  (5l)  and  (52)  on  (a)  above,  (c)  summing  the  con¬ 
tribution  of  b  blade  elements  of  the  result  in  (b)  above, 
and  then  Integrating  over  the  blade  span.  This  was  the  pro¬ 
cedure  employed  in  the  hovering  analysis  also  (see  Refo  1  - 
Art.  4*2).  As  explained  in  Appendix  II  and  III  of  Reference 
(1),  the  process  of  summing  the  contribution  of  b  blades  gen¬ 
erally  corresponds  to  averaging  each  part  of  the  blade  element 
moment  contribution  over  one  complete  azimuthal  revolution  and 
multiplying  by  the  number  of  blade*  <> 


M-H  Aero  Report  AD  5143-TR13 


CONFIDENTIAL 


CONFIDENTIAL 


An  example  of  the  above  procedure  is  shown  in  the  follow¬ 
ing#  Prom  equation  (34)#  and  the  first  part  of  equation  (£1), 
there  is  the  term  eccj^-  = 


t 


M fa  +  ''■ft- Q-) k *■  C Ct. \ 


i-  *12*0)0-#]  ]c/ml 

Summing  first  for  b  blades  (note  that 


^17  ^77 

Jh  *  4  /«•/? 


O  'Q 

this  yields  (see  also  Appendix  II  -  Ref.  1) 


Integration  over  the  blade  span  yields 

*  f [^p(Q0  +zQ&DJ)  +  °^tQ0  J (55) 

Proceeding  in  like  manner,  the  total  rotor  moments  were  obtained 
as,  omitting  steady-state  terms, 

=  e  [u + 1  %  1%  + ^ 
■ft’1  4)-  +/2*s ^ ^ 

'ta>N(A  +  P*,Q.  1-  (tfcfaVo  e-r  -%vt} 

*  (%  *  «V.)  +  k,  ^(&p  +  fy)  - 12.  ^  i  ')(%/>*■■ 

+  9t(W3'*S'd+a}.<</lZ$ 
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I4.0  3  THE  FUSELAGE  AND  TAIL  MOMENTS 

The  contribution  of  the  helicopter  fuselage  and  fixed 
tail  surfaces  to  the  dynamics  of  cruising  flight  is  a  matter 
of  conjecture*  In  the  present  development*,  it  was  assumed 
that  the  longitudinal  (pitching)  motion  of  the  aircraft  may 
be  affected  by  moments  arising  with  the  fuselage  and  tall 
surfaces p  while  lateral  (rolling  and  yawing)  motion  was  not* 
The  latter  may  be  assumed  to  be  a  consequence  of  tail  effects 
cancelling  fuselage  effects  In  the  lateral  axes* 


to 

S+tH  Air 


Figure  8 


Longitudinal  Force*  and  Moments  of 
Fuselage  and  Tall  Surfaces 

The  fuselage  moment  is  usually  written  as 

-  CWf  Pf  * /z3 


During  a  transients 
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<3  (V 


ex'. 
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(58) 


If 


(59) 
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The  tail  provides  several  moment  terms,  as  follows s 

LT  =  C*r  5;.  (60) 

Mu  ~  —  /-j  ^  ^ 


^As  shown  in  Figure  8(b),  the  tail  lift  also  depends  on 
and  %  9  since  these  motions  affect  the  tail  angle  of  attack.  • 
Thus,  the  motion  A.  efi  increases  the  angle  of  attack,  so 

.f 

alt  -  a~  a  06  s- 
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A  OC 

P 

'  2 
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(6k) 


Thus 
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-  M*T  (68) 

g  (X 

Thus,  the  tail  surfaces  contribute  to  the  longitudinal  moments 
acting  on  the  helicopter  as  follows  (from  63 y,  665,  and  60 )  s 


kok  THE  EQUATION  OP  HELICOPTER  PITCHING  MOTION 

The  free-body  helicopter  with  longitudinal  forces  and 
moments  is  illustrated  in  Figure  9  below. 


Thus, 


Figure  9 

Longitudinal  Forces  and  Moments 
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Of  interest  here  are  _the  transient  portions  of 


^  »  and  M^r  ,  and  the* steady-state  portiomTof 

mif»*  and  ^  (se®  second  and  third  terms  in  equation  70) 
These  terms  are  given  by  equations  (37),  (39),  (56),  (59),  and 
On  this  basis,  the  pitching  motion  equation  becomes 
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The  stability  derivatives  in  equation  (71)  are  defined  by: 
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4.5  THE  EQUATION  OP  HELICOPTER  ROLLING  MOTION 

Figure  10  following  shows  the  external  forces  and  moments 
which  influence  the  rolling  motion  of  the  helicopter. 


Figure  10 

Lateral  Forces  and  Moments 
From  the  figure.. 

(72) 

The  terms  required  for  equation  (72)  are  given  by  equations 
(38) ,  (39)  s  (47) s  and  (57)»  Expanding  the  equation  into  the 
desired  form  yields 
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The  stability  derivatives  in  equation  (73)  are  defined  by 
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L.6  TflE  EQUATION  OF  HELICOPTER  YAWING  MOTION 
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SECTION  V 


EQUATIONS  FOR  AERODYNAMIC  TORQUE 


5.1  MAIN  ROTOR  TORQUE 

The  torque  force  acting  on  the  blade  element  is  given 
by  (see  Figure  5) ; 


-  c/O  a  ft  dL 


(76) 


Thus,  the  elemental  torque  is 

c/O  =  Jx  dFo 


-  A  [/>*  “ 


/>*£  (e  v,  vr 


-  Of  )  c/a  ] 


(77) 


Using  equations  (21),  (23) and  (24)..  and  integrating  over  the 
blade  span  (neglecting  the  hinge  offset) »  and  summing  for  b 
blades , 
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5.2  TAIL  ROTOR  TORQUE 


Similarly  to  the  preceding  development*  the  tail  rotor 
torque  is  given  by 


=  a*  7  4  ^  71  ^ 
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Using  equations  (42)*  (43)  s  (44)  and  ( 4S )  .->  integrating*  for 
blades,, 
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APPENDIX  I 

THE  STEADY -STATE  EQUATIONS 


The  development  of  the  equations  of  motion  in  cruising 
flight  as  described  in  the  present  report  included  an  under- 
lying  consideration  of  both  steady-state  and  transient  terras. 

In  the  body  of  this  report,  the  final  equations  deleted  pure 
steady-state  terms,  since  in  any  one  equation  these  terms 
must  collectively  vanish.  However,  for  purposes  of  calculat¬ 
ing  the  transient  equation  coefficients  (stability  derivatives) 
the  numerical  value  of  many  steady-state  terms  must  be  deter¬ 
mined,  This  in  turn  is  accomplished  by  writing  and  solving 
the  equations  of  motion  under  steady-state  conditions,  that 
is,  the  equations  having  only  steady-state  terms. 


1.1  THE  BLADE  EQUATIONS 

Based  on  equations  (27),  (18),  and  (26),  the  steady- 
state  equations  are  as  follows: 


f)  -  J2Y«,4 


Unity  Terms: 


-SZ#c,  - 


Sine  Terms: 


-  Xv- 4 


(1-1) 


(1-2) 
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Cosine  Terms: 


(1-3) 


1.2  THE  HELICOPTER  FORCE  EQUATIONS 


In  place  of  the  equations  (31) 9  (32),  (33)  for 
motion,  the  corresponding  steady-state  equations  are 

transient 

*  St  $. 

— 

Fuselage  Drag  = 

o 

(I-li) 

Fy 

^S.s. 

■f- 

o 

(1-5) 

6_ 

Fuselage  Weight  — 

o 

(1-6) 

l*s.s. 


From  equation  (37) ,  the  steady-state  rotor-force  in  the  X 
direction  is  substituted  into  equation  (I-4)  above  to  give 

=  q:[ f 

*  -Q.  ( %  +  ^.)  4  Y/%; 

-  Aj  t  -Q,  [-fair  I  A-  +  ^*4*  (<9^ 
f  ty]~  14  [v  (&  4  A )  7 

L  ^  s/z  -2  ^  T  /J  d-7) 

For  equation  (1-6),  with  the  positive  Z  direction  being  down¬ 
ward,  referring  to  equation  (39),  there  is  obtained 

-IV,  =  -  f 

*  -Q.  4 

/  -i2  ^4  -f  b  (1-8) 
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1.3  THE  HELICOPTER  MOMENT  EQUATIONS 


In  steady-state  flight,  the  three  equations  corresponding 


to  equations 

(70),  (72),  and 

(74) 

are 

i  A  ■ 

S.s. 

-A- 

6  '% 

*4.. 

/• 

Mu  +  Mu 

+  Mfr 

'  s*  Sf3, 

s- 

^  (1-9) 

/f  A 

7^ 

= 

o 

(1-10) 

A,  * 

— 

- 

& 

(1-11) 

To  expand  these  equations,  it  is  required  to  obtain  several 
steady-state  terms  as  follows.  The  rotor  moment  was 

obtained  identically  as  in  equation  (56).  In  other  words, 

beginning  with  equation  (51),  and  retaining  only  steady-state 
terms,  there  is  obtained 
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A  ( T  -  W 


■Q.  [-  A  4 J 

f  /As  *7. :lU  e  /-  fe YA  M 


/Z  z 

Au 


(1-12) 


The  steady-state  fuselage  moment  is  obtained  from  equation 
(58)  using  the  steady-state  moment  coefficient.  The  steady- 
state  tail  moment  is  obtained  from  equation  (61)  using  the 
steady-state  inclination  angle  (Xu, 

<r° 
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APPENDIX  II 

SPECIFIED  PARAMETERS  FOR  HRS-3  HELICOPTER 

- ra  mrsiw  vumrfimnmi - 


i 


II. 1  The  sources  of  data  as  well  as  much  of  the  data  used 
here  can  be  found  in  Appendix  II  of  Reference  (2) 

Gross  Weight  =  7450  pounds 

Blade-less  Helicopter  Weight  =  7035  pounds 

Blade  Weight  =  138*3  pounds 

/)  =  6.9  feet 


3 


c  =  1.37  feet 
€»  =  0.75  feet 

_I.  =  925  slug  ft^  (blade  moment  of  inertia  about 

flapping  hinge) 

0l  =  -  5*  73/radian 

=  0.012  at  operating  Cu 

si.  =  22.2  rad/sec. 

=  4.333  feet 

bt  =  2 

Tail  rotor  blade  root  chord  =  1.25  feet 
Tail  rotor  blade  tip  chord  =  0.5  feet 
Gear  ratio,  engine  to  main  rotor  =  11.315  s  1 
Gear  ratio,  engine  to  tail  rotor  =  1.62  :  1 
-  5*58  feet 

=  31*33  feet 
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YY)  =0.167  slugs/ft. 


Main  rotor  blades  have  a  linear  twist  of  8° 
r  =  0  and  r  =  R.  (  -  0.1396  rad.) 


Airfoil  sections  begin  at  r  =  €  -  0  +  l|.0.25 


/€  =  26.5  feet 


=  32.2  fps2 
=  0.002378  slugs/ft3 
=6.7  sq.  ft. 


between 
"  =  l*.l  ft 


90  knots 
0.97 
2 8  ft. 

10,000  slug  ft2 
2200  slug  ft2 
9181  slug  ft2 
3213.6  slug  ft2 


11,2  The  brake  horsepower  required  for  the  assumed  flight 

condition  was  found  from  _ 

—  ».  ,*  -  -  ^ 

(a)  HRS- 3  Handbook  AH  01 -23OHJA-2 

(b) —  Figure  1  of  M-H  Aero  Report  AD  5143-TR9 

to  be  525. 

It  was  assumed  that  the  power  delivered  to  the  main  rotor 

was 


0.85  x  525  =  UU6  HP 

This  power  was  used  for  (a)  main  rotor  induced  losses, 
(b)  main  rotor  profile  losses,  and  (c)  helicopter  parasite 
losses.  These  were  determined  as  follows:  From  Rotary  Wing 
Aircraft  Handbooks  and  History  (Vol.  6)  -  Aerodynamics  and 
Performance  of  Helicopters,  by  Klemin  and  Sikorsky,  page  5l» 
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Cr  = 

<r  - 


w 

v/zY(I2.ei" 

c/ TtR.  = 


=r  O.  <90 

o.  0 


z  CT/<r 

tff}  •/« 

^C4 

Thus 


0.  /&7 

Cr  (12.  £)/^B*5*o) 

/7.6 

-  <$.  2£<? 

6><3 


£_£r  / 

cr  3  +  -4^* 


(see  page  54  of  afore¬ 
mentioned  handbook) 


Thus 


0.456 

1.22 

0.0000828 


r  " 


r  - 

77  */L j2  ^(/ss  o 


) 

> 


&  = 


161 


Of  =  0.013 
* 


(estimated, 

„  a. 


assumed} 


/S£  =  DfK  .  .f/7 

♦ 

^  v-  /&/  +  2/7  ~ 


II. 3  The  induced  velocity  was  found  from 

17  =  t/t’*-  77  (  **■)*/%  V 

(see  page  37  of  aforementioned  handbook) 
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t  =  y^TTv^ 

=  7^92  pounds 
lJ-  =  5  fps. 


II. ll 


The  tail  rotor  induced  velocity  was  found  from 


5 


^  /  k v  7 

=  353  pounds  (see  IV. 1) 


Thus,  =  8.U  fps. 


II. 5  Using  the  steady-state  terms  in  equation  (14-7),  with 
-Ae  =  155* Ill-  rad/sec, 

the  tail  rotor  pitch  angle  is  found  to  be 
@0-*.  -  0.071  rad. 


II»6  Taking  the  tail  rotor  power  to  be  3 %  of  the  engine  brake 
horsepower, 

Q  =  55.8  ft.  lb. 


On  this  basis, 
to 


the  steady-state  terms  in  equation  (8l)  lead 
=  0,0113 


II » 7  The  fuselage  longitudinal  moment  characteristics  were 
taken  largely  from  Reference  (3),  in  which  wind  tunnel  data 
obtained  on  a  l/10-scale  model  of  the  HRS-3  helicopter  fuse¬ 
lage  were  reproduced.  The  following  expression  represents  a 
good  approximation  of  these  moment  characteristic  data: 


~  ~~  O* 


OOOZ  /-  0.0//&£CkU  —  0*036/  CVL 


<rc 


* 


(ii-D 


8  The  fixed  tail  surface  pitching  moment  was  also  found 
with  the  help  of  Reference  (3).  The  inverted  V-type  tail 
surfaces  of  the  HRS-3  are  represented  by  a  straight  rectangular 
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surface  having  identical  projected  span  and  chord.  The  aspect 
ratio  of  this  ’’equivalent"  tail  was  3«l8  and  its  area  was 

$r  =  5.65  sq.ft.  The  value  of  (Lj-  taken  in  Reference 
(3)  was  3.56.  The  effective  longitudinal  stabilizer  pitch 
setting  (neutral  position)- see  Figure  8a  -  was  given  in  Ref¬ 
erence  (3)  as  Ct  =  -0.1757  radians.  Thus,,  the  angle  of 
attack  of  the  tail  (with  positive  lift  directed  downward)  is 

-  ‘r  +  ^  *  % 

-  0./7S7  +  y.  0.03Z$ 

~  —  O'  s*/z&  +  CX*  (II-2) 

9* 
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APPENDIX  III 


EVALUATION  OP  INTEGRAL 

SYMBOLS 

4  = 
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4  = 
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B,  » 

d,  - 

/O/S 
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Jos/ 

e 
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=  /57.  ? 

^3 

<«/2|4 :f 

=  a  36^ 
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APPENDIX  IV 

SOLUTION  OF  STEADY- STATE  EQUATIONS 


IV, 1  Substituting  from  equation  (1-5),  the  torque  equation 

(1-11)  becomes 

With  only  very  small  error,  this  can  be  written 

It  -  # 

***'  ^  tt**3A33  "  (IV-1) 


IV e 2  Substituting  numerical  values  from  Appendices  II  and  III, 
equations  1-1,  1-2,  1-3  become 

53&4ZS  t9Cs  -  /7755s  -  / 7 75 5 5  QSu 

-  ^55077  &  -  &53/S  -  (iv-2) 

355 7ac>  _  S53  7&S  -  SSSTfS/fa 

+  ¥$435*/- /3^  -  =  o  (iv-3) 

—  /(9o6>Sy3xs  —  /7  7S9S^3c ,  -  O  (IV-U) 


IVe 3  Substituting  numerical  values  from  Appendices  II  and 
ill,  equations  1-7,  1-8  become 


7?^/f  -  230  aS/L-  /52/O^Jfc 

+  5oo  <9ps  -  /S2/0  •/  5~oo  -  ffeoyfy, 

(IV-5) 
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-  ¥?o£>  &cs  +  3o^o 

•5? 

7-  /&9z?  -  o 


(IV-6) 


IV.l;  The  fuselage  moment,  as  given  by  equations  (58)  an d  (II-l) 
Is 


Mi 


Jfs  '  ”  3z/‘  z  /  zoS7S,  3#sM  /  ^ 


(IV- 7) 


The  tail  moment,  as  given  by  equation  (61)  and  the  material 
in  Appendix  II. 67  is 


Mi 


K 


22//.  8  -  /svee  of. 


(IV-8) 


IV o 5  The  steady-state  pitching  moment  equation  (1-9)  can 

now  be  written  with  numerical  substitution  for  the  parameters. 

It  was  decided  that  here,  too,  the  C.G.  offset  X*  could  be 
neglected  with  only  small  error.  Thus, 

(2  ?/  8z J2>qs  -  /SS7-  Sff/6/ 

+  0^ (- 2862 ^  7  3</so  s-  o?07/9fcfa) 

/  fy(-  3  3ft  fa  -  -  JtSZjeeCCp' 


-mb  3 


AA 


+  777393  -  3o  -  3*577^ 

"  ///« 'or/2>Cs  i-  /S3z 


-  /o 


ZLU77 ^x5Ji>cs  -  70  7-877 -  £> 


M-H  Aero  Report  AD  5143-TR13 


(IV-9) 


-  65  - 


CONFIDENTIAL 


CONFIDENTIAL 


IV. 6  The  six  independent  steady-state  equations  (IV-2), 

TTV-3),  (IV-I4.),  (IV-5),  (IV-6),  and  (IV-9)  contain  the  six 
basic  steady-state  parameters.  Solving  these  equations 
simultaneously  gave 


% 

= 

0.138  radians 

= 

0.117  radians 

A 

= 

-0.0337  radians 

fas 

= 

O.098I4.  radians 

% 

= 

0.0722  radians 

9cs 

J/e 

= 

0.275  radians 

The  remaining  steady-state  equations  (1-5) »  (1-10),  (1-11)  have 
been  essentially  used  in  the  various  calculations  in  Appendix 
II  and  IV. 1.  Note  that  in  the  present  work  it  is  assumed  that 
the  built-in  lateral  component  of  rotor  thrust  is  such  that 
can  be  taken  as  zero. 
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APPENDIX  V 

EQUATIONS  OP  MOTION  WITH 
NUJfflRidAL  Coefficients 


Using  the  numerical  data  in  the  preceding  sections  of 
the  Appendix,  the  equation  coefficients  and  stability  deriva¬ 
tives  can  be  evaluated.  On  this  basis,  the  equations  in  the 
text  of  the  report  were  transformed  into  the  following? 


V.l  Equation  (28) 

A  + 


+  V  93  &  +  o*oZb6>  Pt'cL 

f  a  A 

V-  A  2/  y  O.  007*/  y  y.  L 

+  o.  0037  ic  -y  0./7/  X.  7-  0»Oo/  L/s  -  o. 04,33% 

-  /lZG  /  -  /  &9-Qa  —  sao  ^ 

’  /f*  "  * 


(V-l) 


V.2  Equation  (29) 


M 


+  -7  O.  o  */ 3 


2.3^  y  -5"^/  ^ 


o.  oo&  a 


+  0.//&  TO  -  0.3</&-  O,03{S2t 
—  0>  +  o.  r  A 2a/z 


~  ■  S&/  Si  -  o 

<4 


(V-2) 
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V.3  Equation  (30) 


•  • 


A  +  ***  fa-  ^  fa-  S2+ ht 


+  l  frsySg, 


—  /  £  2.  £Kt 


^  +  5  0(u-  0. 0<J5  cr^ 


-  0,  ?0 /  -  42  237  16—0, 

-  0.//6  ^  -  O.Vfj-  O. ///_A  •*/-zsJ2a 

+  *.onSk-  St,  A  -  3SVQ  .  o 


(v-3) 


V.4  Equation  (U8) 


*•  /  o.gsi<i\  .  ^  •* 

#  +  (O.OZ<4  +  or  *  )  7C  +  0-3&S  crk 


3i 


+  tfu  -y-  S.54C*u.  -  0.09  e=fc  +/6.S~oC 


> 


fa  "a 


9  ^ 

v-  <?, 172 /%±  ~  *  &'s&z/**6 

+  -+  /.  6  Z y-  7  35/4^ 

—  O.Ot^ru,  -  £>#  /  5  —  O.S^2^ 


? 


/6,  5  —  3^^  <P< 


=  <9 


(v-4) 


V.5  Equation  (U9) 


«  # 


y-  A  <27<£  ^ 


•  • 


O.30S  */-  0.0772  0 £, 

4  41 


^  If  fuselage  effects  are  neglected. 
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-  9.  £7  Of'jc  0.06  44?  6/  —  /S-/  c/u 

f  ff*  v* 

f  ^  /2-S/fa  ~  0.62.2^^ 

■+  22.  2  ~~  0>.  /0  7 ^  /<£> 

-  2.02  ork  -  9.s>o  o'  +  e.ooU</£ 

£i  *~A 

+  o.  o/t/f  5,-0.  23?  ^12 A  4-  /or.  / 

/  ?•  <97  ^  ?./i  Oc6-Z?  <S>A  =  <S> 


(v-5) 


V.6  Equation  (50) 


t* 


8(&  6 


/  <s-  ^ 

#«  ^  • 


-  /«  ^  -  <7.  7*/^  _  75.  ^ 

-  2-97 /i*A  -  a./o^  , tf  -y  3.  80  12. 

+  3i7  &C£i  >  /52  =  o 


(V-6) 


V. 7  Equation  (71) 

•*,  e.i'73) 

(/.  +  (  +  O.  ozt*  +  or  J 

(k  *  ' 


’.7t) 


/,/03  Z. 

+  °r  ~  ]0/u 

0  •/ft 


-  o.  0Z8C>  4~  ■£>"•  72  <*xA  ■+  o.  00  659  fa 

i~  O.  2&7  6.  & ^ 5-  523 ^*6  5  '^' 

+  O.  25*}  y4rA  y~  Z.  22  y-  O.OOf^  ?0 

+  O'  OOZES' <4  —  O' OO  ¥/6  W,  —  (o.  0/6/  +  '  *  ^ 

-  0.0002  £2^  —  ~ 


£>•  <77  76  S2A  -  S,7f  &sc. 


(V-7) 
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V.8  Equation  (12) 


-AZ.3C S',  -  0.077S  cxC  -  2?.Oo7x  -o.ctffc 


2C>,  2  */•  0-03 


A 

-/ 


-7 


/•  5 


Vfa  ■*  °-5<*A  -^'fA 


-  /•  -  .?/.  <*> 

O.0//7  ?C  -  O.  0*e>s^  -  0.0</fy,  -  &,  ozi,*^  -/-/./&& 
/  S.7<+  0(^  0t  oe>7ty£lt  ./.  a  2ZzSl^  -  7*  /7  ^ 

—  2-6  S>4^  _  /^f/6  (9Ca  y-  77  =  O 

V.9  Equation  (7^1-) 

/W?2.?^  /37Z3.  tf<S\r  _  D 

&.  ’  ( TV  3.S«  +  5.4  A  '  *^4  (V-9) 


(V— 8) 


Using 


as  given  in  Reference  (2),  equation  (III-6a),  equation  (7k) 
here  becomes 


•  • 


-  OC.  -  /■  S'?  —  7-72  Cfa.  -  £>,<90  /ss  C7u.^ 

^  ^ 


+  0.362  —  0.  OOfzz  (2^ 


-  0.35  f  (Xx 


o. 


A* 


-  0.  O0/S&  (Xy 

'A  *A 

M  #  O-miM- 

-  O-  00  3*7 -  £>'5o*/0fy  +  O.  Oo^Sf 

-  <9,  076>7-^9q^  -  O.  00  2/3  pc  —  0.00/3*  to, 

y~  o.osos%  —  o.  ooo*k  -  o.  //YJ2a 

t  / Q'J9?>9  V-  /  */¥•/#'  S  ^  7- 

^  3,^3  -/-  3,6  -  O' 

-  O.  /(></  _  22.  f  <9^.  — 

V.10  Torque  Equilibrium  Equation 


3(eZ9u-  0.13b  ^r6 


( V-10) 


The  equation  for  rotor  angular  velocity*  as  given  in 


Reference 


iquat 

(2), 


equation  III-l,  is 


(QaA+  <&,)  ' 


CJ. 
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With  the  numerical  data  presented  in  the  foregoing  sections, 
and  equations  (78),  (8l),  and  (V-9),  this  becomes 


.£2^  O'V-3/^2^  ~f~  0.067$  —  Z-$.  */ 

*  ^'°229  o.  007s?  ^  ^  Z9f 


°/S//*KA  +  6Z3f  A.  V  /$-./ 

y.  »? “7  ^  _ ^  ^ 


~  /.  37 


A  +  c,-79/'c 


7-  O.OoSfZ,  _  0 


^  7^  OO  9#  Z 


r 

C>7$f  CKg.  7-  0  06 63 1 

r.3i.S\  V 


+  O.  00753  Or 

*A 


o.  ooeos  -f  is./  Qu-  o 

*  (V-12) 
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- 


(3  = 


,2 


x,  Y,  & 


SYMBOLS^ 

blade  lift  tip  loss  factor 

fuselage  drag  coefficient 

profile  drag  coefficient  of  blade  element 

lift  coefficient  of  blade  element 

moment  coefficient  of  fuselage 

chord  length  at  root  of  tail  rotor  blade 

chord  length  at  tip  of  tail  rotor  blade 

fuselage  drag  force 

transient  fuselage  force  in  X  direction 
rotor  force  in  X,  Y,  Z  direction 
engine-rotor  gear  ratio 

moment  of  inertia  of  engine-rotor  system 

moment  of  inertia  of  helicopter  about  indicated 
axis  (not  including  main  rotor  blades) 

fixed  tail  surface  lift  force 

blade  aerodynamic  moment  about  flapping  hinge 

blade  inertia  moment  about  flapping  hinge 

blade  weight  moment  about  flapping  hinge 

moment  due  to  blade  hinge  offset  (see  eq„  5lp52) 

longitudinal  moment  of  fuselage,  of  tail 

(see  equation  68) 


#  See  also  Appendix  IIIo 
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C =  main  rotor  aerodynamic  torque 
=  engine  torque  change 
=  tail  rotor  torque 
/€  =  rotor  radius 

Zt  =  tal1  rotor  thrust 

(L  =  blade  element  velocities  (see  Figure  5) 

1 1  K. 

Y  -  helicopter  forward  velocity 
l/V  =  helicopter  weight  (without  blades) 

YX,i  =  coordinate  axes  (see  Figure  1) 

CX*  =  blade  element  lift  curve  slope 

=  normal  acceleration  (see  Figure  ij.) 
b  =  number  of  blades  in  rotor 
jC  =  blade  element  chord  length 
dD,jL  =  blade  element  drag  and  lift  forces 
=  blade  element  torque  force 
=  flapping  hinge  offset  distance 
=  acceleration  of  gravity 

=  distance  from  rotor  hub  to  Ceg.  of  blade-less 
helicopter 

=  See  Figure  10 

=  See  Figure  8 

=  See  Figure  8 

=  See  Figure  11 

=  mass  of  blade  per  foot  of  span 
=  distance  from  rotor  center  to  blade  element 
-  area  of  fixed  tail  surface 
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Subscripts 
O ,  S'  s.  = 

A 

/t. 

T 

f  = 


rotor  induced  velocity 

displacement  of  helicopter  c.g. 

coordinate  location  of  blade  element 

longitudinal  distance  between  helicopter  c.g«  and 
rotor  shaft 

rotor  shaft  inclination  in  the  vertical  plane 
containing  the  blade 

angle  of  helicopter  roll,  pitch,  yaw 

blade  flapping  angle  at  azimuth 

See  equation  (3) 

innermost  blade  radius  having  airfoil  ahape 
blade  element  pitch  angle 

steady-state  collective  pitch  angle  at  main 
rotor  root 

built-in  blade  angular  twist  rate  (see  eq0  2lj.) 

main  rotor  cyclic  pitch  angles  (see  eq.  2\\) 

mass  density  of  air 

See  equation  (17) 

blade  element  wind  angle 

blade  azimuth  angle 

rotor  angular  velocity 

steady-st^te 

change,  transient  value 

tail  rotor 

main  rotor 

tail  surface 

fuselage 
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